2ϩ
e was removed immediately after Ca 2ϩ -evoked exocytosis, however, no effect Summary on the time course of endocytosis was detected (Ryan et al., 1993 (Ryan et al., , 1996 . Moreover, studies with the temperatureWe have tested whether action potential-evoked Ca 2؉ sensitive Drosophila shibire mutant, in which endocytoinflux is required to initiate clathrin-mediated synaptic sis can be blocked at the dynamin-dependent fission vesicle endocytosis in the lamprey reticulospinal synstep, have shown that late phases of endocytosis can apse. Exo-and endocytosis were temporally sepaproceed in the absence of Ca -evoked exocytosis. The stages of endocytosis. However, the entire endocytic procedure used to isolate endocytosis is based on the process, from the formation of clathrin-coated memobservation that tonic action potential stimulation of brane invaginations to the generation of synaptic vesiphasic synapses can cause extensive incorporation of cles, proceeded in the absence of action potentialsynaptic vesicle membrane in the plasma membrane mediated Ca 2؉ entry. Our results indicate that the (Ceccarelli and Hurlbut, 1980b; Brodin et al., 1994) . We membrane of synaptic vesicles newly incorporated in show that the retrieval of synaptic vesicle membrane the plasma membrane is a sufficient trigger of clathrinafter such stimulation can be arrested by removing mediated synaptic vesicle endocytosis.
Ca 2ϩ e . The arrest appears to occur at a stage preceeding coat formation, and it can be reversed merely by adding Introduction Ca 2ϩ e at low concentrations. These data indicate that the membrane of synaptic vesicles newly incorporated The release of neurotransmitters and hormones by exoin the plasma membrane is sufficient to trigger clathrincytosis is associated with endocytosis, which serves to mediated synaptic vesicle endocytosis, provided that a recycle the secretory vesicle membrane and maintain basal level of Ca 2ϩ is present. the size of the secreting cell. Studies in different cell types have indicated that more than one endocytic mechanism can be involved. In nerve terminals and enResults docrine cells, two mechanisms have been studied at the molecular level. A rapid, clathrin-independent form Reinternalization of Synaptic Vesicle Membrane of endocytosis occurs in endocrine cells ("rapid endocyIs Arrested in Ca 2؉ -Free Solution tosis," Thomas et al., 1994; Artalejo et al., 1995; Henkel The synapses formed by lamprey giant reticulospinal and Almers, 1996; also termed "excess retrieval," Smith axons ( Figure 1A ) typically contain active zones with and Neher, 1997; Engisch and Nowycky, 1998) . Capacilarge and densely packed synaptic vesicle clusters. Untance measurement studies indicate that such rapid ender resting conditions, the adjacent plasma membrane docytosis is a triggered event. Its activation appears to is almost flat, following the curvature of the axonal cylindepend on an increase in the intracellular Ca 2ϩ concender. After 20 min of tonic action potential stimulation tration ([Ca 2ϩ ] i ), the target of which remains a matter of (20 Hz), the number of synaptic vesicles decreased debate (Artalejo et al., 1995 (Artalejo et al., , 1996 Engisch and Nomarkedly (Figures 1B and 2A) . The plasma membrane wycky, 1998; Nucifora and Fox, 1998) . In nerve termiformed expansions that partly surrounded the postsynnals, endocytosis via clathrin-coated vesicles has been aptic dendrites (Wickelgren et al., 1985 ; Shupliakov et shown to participate in the recycling of synaptic vesicles al., 1995) . The size of the membrane expansions (Figure (Heuser, 1989; De Camilli and Takei, 1996 ; Gonzá les-2B, curvature index) was inversely correlated with the Gaitan and Jä ckle, 1997; Shupliakov et al., 1997) . While number of synaptic vesicles, indicating that they reflect many of the molecular components participating in incorporation of synaptic vesicle membrane into the clathrin-mediated synaptic vesicle endocytosis have plasma membrane (Heuser and Reese, 1973 ; Wickelgren been identified (reviewed by Cremona and De Camilli, et al., 1985) . These ultrastructural changes recovered 1997), it remains unclear how this process is activated.
completely after 15 min of rest in solution containing 2.6 Formation of clathrin-coated pits follows shortly after mM Ca 2ϩ (Wickelgren et al., 1985 and data not shown). To test if removal of Ca 2ϩ e would affect the recovery, the physiological solution was rapidly replaced with * To whom correspondence should be addressed. 
Ca
2ϩ -free solution at the end of the stimulation period. and it was not significantly higher than in synapses fixed during stimulation (p Ͼ 0.05, n ϭ 10). A corresponding The spinal cords were maintained in this solution for 90 min and were then fixed. As shown in Figure 1C , the relationship applied to the membrane curvature index (Figures 1 and 2 ). stimulus-induced changes of the synaptic morphology did not recover in the absence of Ca 2ϩ . The number of synaptic vesicles was significantly lower than in synReaddition of Ca 2؉ Activates Clathrin-Mediated apses fixed at rest (Figure 2A ; p Ͻ 0.001, n ϭ 10, t test),
Synaptic Vesicle Endocytosis We next tested whether the "membrane clamp" obtained in Ca 2ϩ -free solution could be released without action potential stimulation. Specimens were subjected to 20 Hz stimulation followed by 90 min incubation in Ca 2ϩ -free solution and were then incubated for 15 min (at 5ЊC) in solution with 2.6 mM Ca 2ϩ without action potential stimulation. This treatment led to a complete recovery of the synaptic vesicle pool, and the plasma membrane expansions disappeared (Figures 1D and 2B) . To ensure that the readdition of Ca 2ϩ did not initiate spontaneous action potential activity, we recorded from reticulospinal axons during the exchange from Ca 2ϩ -free to Ca 2ϩ -containing solution. The readdition of Ca 2ϩ did not produce action potential activity (n ϭ 3; data not shown). The synaptic vesicle pool can thus recover in the absence of action potential-evoked Ca 2ϩ influx, to Ca 2ϩ (n ϭ 10). The coated pits emerged from the perisynaptic plasma membrane ( Figure 3A ) and in some permitted us to compare synapses that belonged to a single axon but had been exposed to Ca 2ϩ e during differcases from deep plasma membrane invaginations (Figures 3A and 3B) . ent time periods. After stimulation and incubation of a long piece of spinal cord, it was divided into shorter Different morphological types of coated pits, most likely corresponding to sequentially occurring stages, pieces that could be incubated and analyzed separately. The effect of the removal of Ca 2ϩ e was qualitatively simicould be distinguished ( Figure 3E ). We divided these into four categories (cf. Miller and Heuser, 1984) . The lar in these experiments as in those described above, although the amount of synaptic vesicle membrane first stage ( Figure 3E 1 ) consisted of a slightly curved membrane covered with a partially formed clathrin-like trapped in the plasma membrane was smaller, presumably owing to the slower exchange of solutions (see coat. The second stage ( Figure 3E 2 ) consisted of an invaginated coated pit with a wide unconstricted neck.
Experimental Procedures). Figure 4A illustrates the results of an experiment in which different pieces of a The third stage ( Figure 3E 3 ) corresponded to a coated pit with a narrow, constricted neck, similar to that accuspinal cord were exposed to Ca 2ϩ for periods ranging between 20 s and 15 min. The highest number occurred mulating after inhibition of dynamin-src homology 3 (SH3) domain interactions (Shupliakov et al., 1997) . Fiafter 40 s, and it then decreased. After 15 min, the number had returned to the initial level. nally, the fourth stage ( Figure 3E4 ) was represented by coated pits with a narrow neck surrounded by a dyTo examine the onset of the formation of clathrincoated pits, the relative abundance of the different namin-like collar, resembling that seen in the dynamin mutant shibire (Koenig and Ikeda, 1989; cf. Takei et al., stages (see above) was compared in synapses exposed to Ca 2ϩ for different time periods (0-120 s). As illustrated 1995). No free coated vesicles were observed, presumably because this stage is short lived and not easily in Figure 4B , among the few coated pits present in synapses that had not been exposed to Ca 2ϩ , the third captured under the present conditions (Heuser, 1989) .
stage ( Figure 3E 3 ) predominated. After exposure for brief periods to Ca 2ϩ , however, the pattern was different. The Time Course of the Appearance of Coated Pits To examine the time course of the appearance of coated first stage ( Figure 3E 1 ) became relatively more abundant in synapses exposed between 10 and 40 s, whereas the pits after the addition of Ca 2ϩ , a different experimental design was used (see Experimental Procedures). This third stage showed a relative decrease. After 120 s, when the number of coated pits remained high, the relative different pieces for 120 s to solutions containing different concentrations of free Ca 2ϩ (see Experimental Proabundance of the first stage decreased and that of the third stage increased ( Figure 4B ). The pattern observed cedures). As shown in Figure 6 , the number of coated pits increased significantly in synapses exposed to 11.2 after 120 s of exposure to Ca 2ϩ was similar to that seen in synapses fixed during ongoing stimulation in the pres-M Ca 2ϩ or more (p Ͻ 0.005 as compared with synapses fixed without exposure to Ca 2ϩ , n ϭ 5). There was no ence of Ca 2ϩ (O. S. and L. B., unpublished data). Thus, the appearance of coated pits after readdition of Ca 2ϩ significant difference in the number of coated pits induced by 11.2 M Ca 2ϩ as compared with the number is associated with a shift toward the first morphologically identifiable stage. This indicates that the process of induced by 134 M and 2.6 mM, respectively (p Ͼ 0.05, n ϭ 5 for each concentration). Thus, a [Ca 2ϩ ] e in the low clathrin coat formation is beginning after the low Ca 2ϩ blockade is released (cf. Miller and Heuser, 1984 ; De micromolar range is sufficient to support the formation of coated pits. Camilli and .
Analysis of the spatial distribution of coated pits after the readdition of Ca 2ϩ showed that they could occur at Occurrence of Membrane Invaginations a relatively long distance from the active zone. Figure 5B after Intense Stimulation shows a three-dimensional reconstruction of a synapse Apart from the changes described above, synapses fixed after 40 s of exposure to Ca 2ϩ , i.e., at the point of fixed at the end of a 20 min stimulation period (20 Hz) maximal abundance of coated pits. Under these condiexhibited endosome-or vacuole-like structures around tions, the coated pits were distributed evenly around the active zones ( Figures 1B, 7A , and 7B; see also Wickthe active zone within a radius of about 2 m from its elgren et al., 1985; Shupliakov et al., 1995) . Their number edge. A similar distribution of coated pits was observed did not change significantly (p Ͼ 0.05) after a 90 min in several other synapses subjected to this treatment.
incubation in Ca 2ϩ -free solution ( Figures 1C and 7C-7E ). As indicated above, only a few coated pits were found Analysis of synapses in serial sections showed that unin synapses fixed directly after incubation in Ca 2ϩ -free der both of these conditions, a clear majority of these solution ( Figure 5A ) and after a 15 min recovery in Ca 2ϩ -structures represented invaginations of the plasma containing solution ( Figure 5C ). In these cases, the few membrane. Only a small proportion lacked a detectable coated pits were usually located in the vicinity of the connection with the plasma membrane. The invagiactive zone.
nations often had a complex structure with several interconnected compartments, and the connection with the plasma membrane was often mediated only via a narrow Minimal Concentration of Ca 2؉ e Required to Support the Formation of Coated Pits stalk ( Figures 7A and 7D ). Coated pits were sometimes observed on the plasma membrane invaginations in the In the preceeding experiments, coated pits were induced by adding physiological solution containing 2.6 synapses fixed during stimulation ( Figure 7B ). Plasma membrane invaginations ( Figures 3A and 3B ) mM Ca 2ϩ . To find the minimal effective [Ca 2ϩ ] e , we divided one spinal cord into pieces (after trapping the were also present in synapses allowed to recover for 120 s in 2.6 mM Ca 2ϩ (following stimulation and incubation in synaptic vesicle membrane as above) and exposed the Ca 2ϩ -free solution). After this treatment, the invagihave used conditions that produce massive incorporation of synaptic vesicle membrane in the plasma memnations in many cases exhibited coated pits ( Figure 3B) . However, the number of endosome-like structures lackbrane. Such redistribution of the synaptic vesicle membrane occurs when tonic stimulation is applied to ing a connection with the plasma membrane remained very low also under these conditions. After 15 min of synapses adapted to phasic activity. Tonically adapted synapses are resistant to such morphological changes recovery in 2.6 mM Ca 2ϩ , the number of internal membrane structures had decreased markedly, although (Brodin et al., 1994) , which indicates that the capacity of the endocytic machinery is linked to the physiological they were somewhat more abundant than in control synapses maintained at rest. In none of the above cases pattern of activity at a given synapse ). did we observe coated pits on endosome-like structures
The giant reticulospinal neurons are typical phasic neulacking a connection with the plasma membrane. Thus, rons that are infrequently active and that fire in bursts while we cannot rule out the possibility that endosomes (Kasicki et al., 1989) . The endocytic machinery in reticuor vacuoles form under the present conditions, our oblospinal synapses appears to be correspondingly adapted servations favor the view that synaptic vesicles form (Shupliakov et al., 1996, Soc. Neurosci., abstract) . We primarily by budding from the plasma membrane or have assumed that the retrieval of synaptic vesicle memplasma membrane invaginations  brane at reticulospinal synapses subjected to tonic stimSchmidt et al., 1997; Murthy and Stevens, 1998).
ulation uses the same clathrin-dependent mechanism that operates under physiological conditions. In support Discussion of this possibility, we found that the delayed endocytosis induced by the readdition of Ca 2ϩ involved the formation of coated pits with a size and shape similar to those In previous studies, it has been difficult to define the conditions required to initiate synaptic vesicle endocyseen during low levels of stimulation and after inhibition of the fission of clathrin-coated pits ( these studies, endocytic activity was found to be enhanced by Ca 2ϩ influx and, in the former two studies, to be reduced by inhibitors of calcineurin. Another recent and Heuser, 1984; Heuser, 1989) . Moreover, no evidence study showed that dephosphorylation of endocytic profor "bulk endocytosis" via larger vacuoles was obtained teins promotes their assembly into complexes, thus pro-(see below).
viding a plausible molecular mechanism for a Ca 2ϩ regulation of the efficiency of endocytosis (Slepnev et ] i by different manipulations after (90 min) the cessation of action potential stimulahas not been consistently found to stimulate endocytotion. It is thus unlikely that sustained effects of previous sis (Reuter and Porzig, 1995; Ryan et al., 1996;  cf. also action potential-evoked Ca 2ϩ influx could have contrib- Wu and Betz, 1996) , and inhibitory effects have also uted to the activation of endocytosis. The finding that been reported (von Gersdorff and Matthews, 1994b) . micromolar concentrations of Ca 2ϩ e were sufficient to Thus, the precise role of Ca 2ϩ in endocytosis regulation induce the formation of coated pits also makes it unlikely needs further investigation. that an elevation of [Ca 2ϩ ]i above the resting level is required. Thus, the initiation of clathrin-mediated synaptic vesicle endocytosis does not require action potenThe Onset of Clathrin-Mediated Endocytosis Studies in a variety of systems indicate that the formatial-evoked Ca 2ϩ influx. Moreover, the synaptic vesicle pool recovered to its previous size (Figure 2) , even when tion of a coated membrane bud depends on an interplay between coat proteins and membrane proteins acting endocytosis had been dissociated from Ca 2ϩ -evoked exocytosis. This indicates that the membrane of the as receptors as well as on interactions with membrane phospholipids (Mallabiabarrena and Malhotra, 1995 ; synaptic vesicles incorporated in the plasma membrane constitutes the principal determinant of the endocytic Cremona and De Camilli, 1997) . Local modification of phospholipids, including phosphorylation-dephosphorresponse. This type of regulation is distinct from that controlling certain types of endocytosis in secretory ylation of inositolphospholipids, has been proposed to participate in the recruitment and regulation of coat concells (see Introduction), although it is possible that it may apply for compensatory endocytosis in chromaffin stituents and/or to facilitate the formation of a membrane curvature (Huttner et al., 1995; De Camilli et al., cells (Smith and Neher, 1997; Engisch and Nowycky, 1998). 1996) . In the present experiments, the trapped synaptic vesicle membrane ( Figure 1C ; Ca 2ϩ -free solution) was The strict dependence of synaptic vesicle endocytosis on low Ca 2ϩ levels could reflect either a Ca 2ϩ i or a indistinguishable from the surrounding plasma membrane, indicating that endocytosis had been arrested Ca 2ϩ e requirement, as [Ca 2ϩ ] i is known to decrease when Ca 2ϩ e is removed (for data on lamprey axons, see Strautbefore the onset of coat formation and membrane invagination. Shortly after the readdition of Ca 2ϩ , "early" man et al ., 1990) . The lack of effect on endocytosis of removing Ca 2ϩ e shortly after Ca 2ϩ -evoked exocytosis coated pits became more abundant ( Figure 4B ). Under these conditions, we failed to detect uncoated mem- (Ryan et al., 1993 (Ryan et al., , 1996 appears to favor the possibility that this Ca 2ϩ dependence is linked to [Ca 2ϩ ] i , although brane pits, which supports the view that coat formation and membrane invagination are closely coupled prophotoreceptor synapses in Drosophila, two distinct types of membrane internalization were observed during cesses (Mallabiabarrena and Malhotra, 1995) .
Analysis of the distribution of coated structures after partial relief of the shibire mutation (Koenig and Ikeda, 1996) . The present study does not rule out the possible readdition of Ca 2ϩ showed that coated pits can be formed at a considerable distance ( Figure 5 ) from the edge of occurrence of fast clathrin-independent endocytosis in nerve terminals. However, the data are compatible with the active zone. A spread of coated structures over an even larger area has been observed in a previous study earlier data from perturbation studies (Gonzá les-Gaitan and Jä ckle, 1997; Shupliakov et al., 1997) that favor in the lamprey reticulospinal synapse. Microinjection of proteins inhibiting SH3 domain-mediated interactions clathrin-mediated endocytosis as the main recycling route at conventional synapses. Clathrin-dependent with dynamin prevented the fission of coated pits, which accumulated in an area of 3-4 m around active zones synaptic vesicle recycling has previously been assumed to involve an endosomal intermediate step (Heuser and (Shupliakov et al., 1997) . In unperturbed reticulospinal synapses fixed during low or high frequency stimulation, Reese, 1973) similar to that occurring in other forms of endocytosis in nonneuronal cells (Whitney et al., 1995 ; however, the coated pits as a rule appear in a more circumscribed region (within a radius of 0.5 m or less Stoorvogel et al., 1996) . More recent data indicate that the structures thought to be endosomes may represent from the edge of active zones; O. S. and L. B., unpublished data). These observations suggest that if endocyplasma membrane invaginations Murthy and Stevens, 1998) . The tosis is perturbed, the constituents to be captured in the coated vesicle, including components that are capapresent data add further support to this view. Serial section analysis of synapses fixed during stimulation ble of signaling the onset of coat formation, can migrate laterally over several micrometers. One such putative showed that many of the "endosome-like" structures were connected with the plasma membrane. Clathrinsignal is synaptotagmin, which is thought to act as a membrane receptor for the clathrin adaptor complex coated pits were found on plasma membrane invaginations, whereas no coated pits were detected on endo- (Zhang et al., 1994; Fukuda et al., 1995; Jorgensen et al., 1995) .
some-like structures without a visible connection with the plasma membrane. The number of endosome-like structures did not increase during recovery from stimuPossible Alternative Recycling Pathways for Synaptic Vesicles lation, arguing against their direct involvement as a sorting compartment in endocytosis. It is presently unclear whether synaptic vesicle endocytosis can occur via clathrin-independent mechanisms. Several observations are, however, consistent with this Experimental Procedures possibility (Fesce et al., 1994) . 1994a; see also Klingauf et al., 1998) . Moreover, in retinal 7.4 with NaOH. To evoke action potentials in giant reticulospinal were counterstained with uranyl acetate and lead citrate and examined in a Philips CM12 electron microscope. axons, the rostral end of the spinal cord was mounted on a bipolar platinum electrode. In each experiment, the efficiency of the stimulaThe number of synaptic vesicles, the presynaptic membrane curvature index, and the length of the active zone were measured on tion was tested by successively impaling at least four giant reticulospinal axons with an intracellular microelectrode at the caudal end electron micrographs taken from center sections of reticulospinal synapses printed at a magnification of 39,000ϫ (Shupliakov et al., of the spinal cord. An extracellular suction electrode was also placed at the surface of the caudal end to monitor the compound spike 1995). The curvature index was calculated as described elsewhere (Wickelgren et al., 1985) . Clathrin-coated pits were counted in every volley throughout the stimulation period (Shupliakov et al., 1995) .
In the first series of experiments (AI-AV), short (5.5 cm) pieces of section of serially sectioned synapses either from electron micrographs or directly in the microscope. The number of both synaptic spinal cord and a small experimental chamber were used (2.5 ml). These experiments included one group of preparations (AI; n ϭ 3) vesicles and coated pits was normalized to the relative size of each synapse by dividing the total number of structures to the length of that were fixed after 20 min of stimulation at 20 Hz. Stimulation was continued until all action potential activity had ceased, which the active zone (in m; Shupliakov et al., 1995) . To reduce the variability between the experiments, ultrastructural changes were aloccurred ‫1ف‬ min after addition of the fixative. The second group of preparations (AII; n ϭ 2) was fixed after 15 min of recovery in ways compared with control synapses from other pieces of the same spinal cord maintained in normal physiological solution during physiological solution after stimulation. The third group (AIII; n ϭ 4) was stimulated as above, but the physiological solution was rethe course of the experiments. Statistical analysis of the data was performed using Microsoft Excel software. In experiments BI-BIII, placed with Ca 2ϩ -free solution (the same composition as for the physiological solution, except that CaCl 2 was replaced with 10 mM the analysis was performed on synapses formed by the same axons in different pieces of spinal cord. The giant reticulospinal axons run EGTA) after 20 min of stimulation. The chamber was emptied with a vacuum pump at a speed of 1 ml/s. Ca 2ϩ -free solution was added along the spinal cord at a similar location within the ventral funiculus, making it possible to identify an individual axon in pieces cut from to the empty chamber at approximately the same rate without interrupting the stimulation. The exchange from Ca 2ϩ -containing to Ca 2ϩ -different rostrocaudal levels. Three-dimensional reconstructions ( Figure 5 ) were obtained with free solution thus took ‫5ف‬ s. Stimulation was continued well in excess of the time required to abolish chemical synaptic transmisMacStereology software. The reconstructions were made from 35-45 electron micrographs taken from serial ultrathin sections. The sion (data not shown). Following 90 min of incubation in Ca 2ϩ -free solution (at 5ЊC), the specimens were placed in fixative (see below). electron micrographs were printed at a magnification of 39,000ϫ, and contours of selected objects were transferred onto transparent The fourth group (AIV; n ϭ 2) was treated as the third, except that the preparations were placed in Ca 2ϩ -containing physiological soluoverlays. The contours were fed into a Power Macintosh computer by using a Summagraphics digitizing tablet. tion (2.6 mM) for 15 min before they were placed in fixative. The fifth group (AV; n ϭ 2) was treated as the third, except that the In experiments BI-BIII, the degree of membrane trapping was smaller than in the preceeding series of experiments (A) using the specimens were placed in Ca 2ϩ -containing physiological solution for 120 s before fixation. The stimulation experiments were made small chamber. We assume that this was due to a partial recovery of the synaptic vesicle pool during the wash-out period (owing to at 8ЊC, whereas the incubations (in Ca 2ϩ -containing and Ca 2ϩ -free solutions) were made at 5ЊC. the larger chamber used) before the low calcium block became effective. In experiments BII and BIII, the temperature of the bathing The second series of experiments (B) were designed to examine the time course of the appearance of coated pits (BI and BIII) and solution was successively lowered to 5ЊC during the last 3 min of stimulation. The degree of membrane trapping in these experiments the minimal [Ca 2ϩ ] e required to induce coated pits (BII). In these experiments, 16 cm pieces of spinal cord and a large experimental was larger than in experiment BI, probably because the recovery had been slowed (cf. Wickelgren et al., 1985) . chamber (8 ml) were used. The stimulation procedure was identical to that described above. The wash-out of physiological solution and A comparison of specimens exposed to Ca 2ϩ for 120 s showed that the highest number of coated pits was obtained in experiment wash-in of Ca 2ϩ -free solution was, however, slower (the total time to replace the solution was about 16 s). After the Ca 2ϩ -containing BI, in which the degree of membrane trapping was least pronounced. Lower values were obtained in experiments AV (see Results), BII, solution had been replaced with Ca 2ϩ -free solution, the spinal cord was maintained in this solution for 90 min. Still in Ca 2ϩ -free solution, and BIII, in which the membrane trapping was more evident. The reason for this difference is presently not clear. It is possible that the spinal cord was cut into 18-20 mm pieces. The pieces were placed simultaneously in calcium-containing solution. In experiment the formation of coated pits may become more synchronized when the membrane invaginations are small, whereas the initiation may BI, the different pieces were fixed after incubation for 20, 40, 60, 120, and 240 s and 15 min, respectively, in physiological solution be distributed over a longer time period when large invaginations are present (cf. Wu and Betz, 1996) . An alternative possibility could containing 2.6 mM Ca 2ϩ . In experiment BIII, the different pieces were fixed after incubation for 5, 10, 20, and 120 s and 15 min, be that the lifetime of the coated pits is longer when the amount of synaptic vesicle membrane trapped in the plasma membrane is respectively. No significant increase in the number of coated pits was observed after 5 s of exposure, and hence this piece was not smaller. further considered. In experiment BII, the different spinal cord pieces were incubated for 120 s in Ca 2ϩ /EGTA-buffered physiological soluAcknowledgments tion with a calculated free Ca 2ϩ concentration of 1, 10, 100, and 2.6 ϫ 10 3 M. The actual final free [Ca 2ϩ ]e was determined with a This work was supported by the Swedish Medical Research Council Ca 2ϩ -sensitive electrode (Radiometer) according to the method of (project 11287) and the European Commission (BMH4 CT97 2374). Bers (1982) and was found to be 0.7, 11.2, 134, and 2.6 ϫ 10 3 We thank Dr. Pietro De Camilli for advice and discussions and Drs. M. In all three experiments (BI-BIII), one piece was fixed without D. Parker and O. Bloom for comments on the manuscript. We also exposure to Ca 2ϩ . thank M. Bredmyr for technical assistance.
Received December 10, 1997; revised July 27, 1998.
Electron Microscopic Analysis
All preparations were fixed in 3% glutaraldehyde and 0.5% paraReferences formaldehyde in 0.1 M phosphate buffer (pH 7.4) at 5ЊC-6ЊC overnight. Pieces of the spinal cord, ‫4-3ف‬ mm long and located at least Artalejo, C.R., Henley, J.R., McNiven, M.A., and Palfrey, C.H. (1995) . 7 mm from a cut end to avoid artifacts at cut ends of reticulospinal Rapid endocytosis coupled to exocytosis in adrenal chromaffin cells axons (Wickelgren et al., 1985; Strautman et al., 1990) , were washed involves Ca 2ϩ , GTP, and dynamin but not clathrin. Proc. Natl. Acad. in 0.1 M phosphate buffer, postfixed for 1-2 hr in 1% OsO 4 , dehySci. USA 92, 8328-8332. drated with ethanol, and embedded in Durcupan ACM (Fluka). Serial ultrathin sections (150-200 in each series) were cut on an LKB ultraArtalejo, C.R., Elhamdani, A., and Palfrey, C.H. (1996) . Calmodulin is the divalent cation receptor for rapid endocytosis, but not exomicrotome and mounted onto formvar-coated copper slot grids. Each section included 10-12 giant reticulospinal axons. Sections cytosis, in adrenal chromaffin cells. Neuron 16, 1-20.
